Evaluation of CO2 Saturation at Nagaoka Pilot-scale Injection Site Derived from the Time-lapse Well Logging Data  by Nakajima, Takahiro & Xue, Ziqiu
 Energy Procedia  37 ( 2013 )  4166 – 4173 
1876-6102 © 2013 The Authors. Published by Elsevier Ltd.
Selection and/or peer-review under responsibility of GHGT
doi: 10.1016/j.egypro.2013.06.318 
GHGT-11 
Evaluation of CO2 Saturation at Nagaoka Pilot-Scale Injection 
Site Derived from the Time-Lapse Well Logging Data 
Takahiro Nakajima*
1. Introduction 
, Ziqiu Xue 
Research Institute of Innovative Technology for the Earth (RITE), 9-2 Kizugawadai, Kizugawa-shi, Kyoto, 619-0292, Japan  
Abstract 
This paper presents a rock physics model describing the relationship between resistivity and CO2 saturation at the 
Nagaoka CCS test site in Japan. The target reservoir at Nagaoka is shaly sandstone, thus we applied Waxman-Smits 
model. For the known observables in the model we used the resistivity log and water saturation derived from the 
neutron log, with the saturation exponent and the correction value for shale conduction then obtained using time-lapse 
logging data. Model modification taking the effect of dissolved CO2 into account was carried out. The analyses 
provide evidence of successful resildual and solubility trapping currently in progress at Nagaoka. 
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For effective performance assessment and safety analysis of carbon dioxide (CO2) sequestration, it is 
important to monitor CO2 distribution and migration behavior in (and around) the storage reservoir. 
Geophysical methods such as time-lapse seismic data have proven particularly effective in monitoring the 
migration of CO2 at several sites including Sleipner, Weyburn and Nagaoka [1-3]. At the Nagaoka pilot-
scale CO2 sequestration site in Japan, a suite of time-lapse well logs (sonic velocity, induction, and 
neutron) have been conducted [3]. An advantage of induction logging is that it can monitor the status of 
both free (supercritical) and dissolved CO2 [4]. 
Quantitative estimation of CO2 saturation requires the use of rock physics models, since most long-
term models employed for the prediction of CO2 migration are calibrated using short-term observations. 
The relationship between induction resistivity and CO2 saturation at Nagaoka has been studied by 
Nakatsuka et al.[5]. Although the resulting resistivity model showed satisfactory correlation with recorded 
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data, shale volume was used as the increment coefficient of CO2 saturation in the model, and the physical 
meaning of the proposed modification was not clear. 
In this paper, we propose a new resistivity model more suitable for the Nagaoka dataset, and we 
corroborate the model by re-analyzing the resistivity log data. We also consider the effect of dissolved 
CO2 in the formation water on the estimation of reservoir CO2 saturation. 
 
2. Well logging at Nagaoka 
The target reservoir at Nagaoka is a saline aquifer located at a depth of 1100 m. The horizontal 
distance between the injection well and the closest observation well (OB-2) is 40 m at reservoir depth. 
CO2 injection commenced on 7 July 2003 and ended on 11 January 2005 with a total amount of 10.4 
kilotons of CO2 injected. Arrival of CO2 at OB-2 was detected during 14
th logging run after 4 kilotons of 
CO2 has been injected. 
From the induction results (Fig. 1), two main increases can be distinguished at around 1114.0 m and 
1116.0 m, and two decreases at around 1112.5 m and 1118.0 m. The first breakthrough was observed 
about 240 days after the onset of injection, with a resistive (red) areas forming at a depth of around 
1115.8 m. This red area is sandwiched by conductive (blue) layers at 1114.6 m and 1118.0 m until around 
the 600 day mark. The extension of these blue layers suggests that injected CO2 gradually dissolved into 
the formation water, with a high CO2 concentration zone spreading during the injection and post-injection 
periods [4]. The second breakthrough was observed about 480 days after the onset of injection at a depth 
of 1113.8 m. This red layer again lies beneath a blue layer (1112.6 m), a repeating pattern which suggests 
that the positive and negative changes in resistivity are spatially related. The white area observed at 
around 1117.0 m could therefore be considered to represent a balance being reached between resistivity 
increase and decrease. 
Fig.2 displays free fluid volume before the CO2 injection and supercritical CO2 volume. The 
supercritical CO2 volume reached a maximum at 1116.0 m. Comparison of the supercritical CO2 volume 
with free fluid volume reveals that almost all free formation water at around 1116.0 m was displaced by 
injected CO2, while that at around 1114.0 m was not fully displaced. After the 32
nd logging run the 
remaining fluid in the reservoir began to recover, indicating the onset of imbibition. 
 
 
Fig.1. Contour map showing variation from baseline 
value for resistivity. 
Fig.2. (a) Free fluid volume obtained via CMR 
logging, (b) CO2 volume after CO2 breakthrough. 
(a)                     (b) 
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3. Resistivity model 
To model resistivity as observed in resistivity logs, Archie’s law [6] is most widely employed. This 
model is valid for pure to nearly pure sandstones consisting mostly of quartz grains. However, the 
reservoir at Nagaoka is comprised of shaly sandstone. The presence of shale reduces formation resistivity 
and thus needs to be taken into account. An electrical double layer develops on the moist clay surface, 
with excess cations in the layer providing conduction pathways [7]. As clay minerals have a larger 
specific surface area than other rock-forming minerals, the contribution of this surface conduction is 
accordingly greater. 
Several resistivity models for shaly sandstone have been proposed. For the present study the model 
suggested by Waxman and Smits [8] was selected, both for its simplicity and comprehensiveness. They 
proposed an empirical relation between the effect of conductivity along the shale surface and the cation 
exchange capacity (CEC). The Waxman-Smits model employs a parallel circuit model, in which the 
formula for fully saturation is 
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where R0 is the resistivity log at full saturation, Rw the resistivity of the formation water, Qv the cation 
exchange capacity per unit volume, dc the density of dry clay, t the total porosity, and B the equivalent 
conductivity, which represents the average mobility of the cations. Several expressions have been 
proposed for calculating B [9]. When water saturation is less than unity, the exchange ions associated 
with the clay become more concentrated in the remaining pore water. The conductivity becomes 
),
1
(
11
w
v
wt S
BQ
RGR
                                                                                                                            (3) 
 
where Rt is the resistivity log value, G is the effective formation factor. Waxman and Smits [X] assigned 
the ratio of the formation factors F and G to the power of water saturation by analogy of Archie’s second 
relation. Dividing Eq. (3) by Eq. (1) gives 
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Note that the Waxman-Smits model simplifies to Archie’s law when B is equal to zero. 
 
Table 1. clay minerals with high CEC value and abundance in the reservoir at Nagaoka 
Clay mineral CEC (meq/g) Density (g/cm3) Weight % in reservoir 
Smectite 0.8-1.5 2.0-2.6 ~7% 
Illite 0.1-0.4 2.6-2.9 ~4% 
Chlorite 0.1-0.4 2.6-3.3 ~1% 
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From Eq. (1) the dimensionless value RwBQv represents the contribution of shale surface conductivity, 
which becomes larger as shale CEC increases. Typical CEC value for clay minerals [10] and their 
abundance in the reservoir at Nagaoka are shown in Table 1. The mineral composition of the Nagaoka 
reservoir formation was determined via the analysis of the core samples taken from the injection well. X-
ray diffraction analysis indicated that these samples were primarily comprised of quartz and sodium 
feldspar, with small to moderate amounts of other minerals. To illustrate the difference between the 
output of the Waxman-Smits model and that of Archie’s law, the largest CEC values in Table 1 were 
employed in combination with the observed reservoir temperature and the corresponding resistivity of the 
formation water. According to this comparison, the value of surface conductivity estimated by Eqs. (1)-
(2) is 3.5 times larger than that obtained by directly following Archie’s formula. 
The next step was to determine the parameters of the Waxman-Smits model calibrated for Nagaoka log 
data. The observables in Eq. (4) are resistivities Rt, R0 and water saturation Sw, with ith the latter 
calculated from the ratio of neutron porosity to the baseline value. The remaining model parameters are 
the saturation exponent n and the term representing surface conductivity RwBQv. Since Eq. (4) is non-
linear for Sw, an iteration process was employed to determine the smallest residual case. 
The blue lines in Fig. 3 represent model fit with depth. The model was applied to a limited depth range 
of between 1113.2 m and 1117.0 m, within which resistivity increased after CO2 injection. Analysis of 
this figure clearly reveals the dependency of n on depth, with the layers with smaller values of the 
saturation exponent corresponding to those in which resistivity changes were smaller (white areas in Fig. 
1). The surface conductance correction factor varied at around 4 to 5 without clear dependency on depth. 
However RwBQv.increased slightly at 1116.3 m, corresponding to a rise in Gamma ray logging. This 
correlation between RwBQv.and Gamma ray indicates that the chemical components of the sandstone in 
the reservoir vary little with depth. 
 
 
Fig.3. Waxman-Smits model parameters including 
dissolved CO2 modifications. (a) saturation 
exponents, (b) the effect of surface conductivity, 
(c) Gamma ray logging. Blue line represent the 
model without taking into account the effect of 
dissolved CO2; red/green lines include the 
effects of the resistivity model for scenarios 1 
and 2 respectively (See section 4.1). 
Fig.4. Cross plots of resistivity ratio and water 
saturation for the depth of 1116.0m. Dots are 
logging results, full lines represents the fitted 
model, while broken line is Archie’s law for 
clean sand (n=2). The colors represent the same 
case as in Fig.3. 
(a)                        (b)                        (c) 
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Fig. 4 represents a cross plot of reservoir water saturation and resistivity ratio. Blue dots represent 
time-lapse log data points for the depth of 1116.0 m, and fitted relationship for this depth is represented 
by blue line. The slope of the model is less steep than that of the original Archie’s model for clean sand. 
These results demonstrate that the model based on Waxman-Smits is able to successfully describe the 
relationship between water saturation and resistivity at the Nagaoka reservoir. 
 
4. Evaluation of the effect of dissolved CO2 
Earlier sampling at Nagaoka of formation water from behind the FRP casing at a depth 1118 m 
resulted in a reduction being observed in the resistivity log [4]. The quantity of dissolved gas and ions 
were also determined, discovering high levels of CO2 at the same depth. These results suggest that the 
resistivity of formation water may have decreased even in the red area of Fig. 1, where resistivity 
increased after CO2 injection. In this case, any dissolved CO2-derived reduction in resistivity could have 
been masked by an increase in resistivity caused by the presence of residual supercritical CO2. 
Taking into account the above effect of decreased formation water resistivity due to the presence of 
dissolved CO2, modification of the resistivity model should now be considered. In the Waxman-Smits 
model, resistivity at full saturation is expressed in Eq. (1), and therefore the log data including the effect 
of dissolved CO2 should be represented by R0. As with previous model fitting, the observables are Rt and 
R0, , but the latter also includes the resistivity reduction due to dissolved CO2. The termRwBQv. (shale 
surface conductivity) in the Waxman-Smits model (Eq. (4)) takes into account formation water resistivity 
and can be evaluated as a model parameter. The observation term with the effect of dissolved CO2 
becomes the ratio of the resistivities of log data and estimated value in the red area. 
In order to estimate the effect of dissolved CO2 in the red area, we assume that the layers with 
minimum value in the blue areas (1112.7 m and 1118.0 m) contain no supercritical CO2 but only 
dissolved CO2. This assumption is supported by the fact that there is no significant response in the 
neutron log at these depths (Fig. 2b). These depths can then be employed as reference points in which 
dissolved CO2 exists in formation water. Fig. 5 displays the ratio of resistivity change with respect to the 
baseline value at each of these the reference point. As the number of days after the onset of CO2 injection 
increases, a constant value of about 10 % reduction in resistivity is reached. 
 
 
Fig.5. Temporal changes in resistivity variation 
from the baseline value at the reference points. 
Fig.6. Contour map of estimated baseline 
resistivity for scenario 2. 
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4.1. Effect of CO2 distribution on the resistivity model 
To evaluate the effect of dissolved CO2 in the red areas in Fig. 1 (1116.0 m and 1114.0 m depth), we 
assume that the effect can be estimated from the above-defined reference points in the blue areas. The 
averaged value is taken from the middle part at around 1114.8 m. 
Two resistivity models taking into account the effect of dissolved CO2-derived resistivity reduction are 
considered. In scenario 1, we assume that the effect of dissolved CO2 in the red areas is the same as that 
for the blue area reference points. This implies that the resistivity in the red areas decrease by the same 
ratio as that at the reference points. 
In scenario 2 the water volume in pore spaces is taken into account when applying the correction. 
Although the resistivity reduction in formation water over time is proportional to the trend depicted in 
Fig. 5, this trend applies only for a specific porosity at the reference points. It is then assumed that red 
area resistivity is proportional to the amount of remaining formation water in the pore spaces. In order to 
relate the resistivity reduction at the reference points to the reduction in formation water in the red areas, 
the volume of the latter must be determined. In this case, formation water volume is taken to equal the 
remaining fluid volume (RFV) in the effective pores (Fig. 2). The ratio of RFV to the effective pore 
volume at each reference point is then employed as the correction factor for the calculation of temporal 
changes ion formation water resistivity. Fig. 6 shows the estimated resistivity change as a result of 
dissolved CO2 normalized by the baseline value for scenario 2. These results were then used as a basis for 
further iterative parameter fitting. 
The red and green lines in Fig. 3 represent the model parameters derived in scenarios 1 and 2, and red 
and green dots and lines in Fig. 4 are logging data and the fitted Waxman-Smits model at 1116.0 m in 
scenarios 1 and 2, respectively. As can be seen from these figures, the main features of the original results 
are generally retained in the modified models, although due to the modifications the saturation exponents 
increase and the effect of surface conduction decreases. As expected, the results obtained in scenario 2 
fall between those of the original model and scenario 1. Given these results, the Waxman-Smits model 
taking into account the effect of dissolved CO2 appears to be able to appropriately represent the 
relationship between resistivity and water saturation at Nagaoka site. 
 
 
Fig.7. CO2 saturation contours. (a) result obtained using resistivity log data and the Waxman-Smits model for 
scenario 2, (b) result obtained via neutron logging. 
(a) (b) 
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5. Estimation of CO2 saturation 
Having determined the parameters of the Waxman-Smits model for Nagaoka log data, CO2 saturation 
values can now be estimated from the resistivity log. Fig. 7 shows contour maps of CO2 saturation 
derived from the model/resistivity log (scenario 2) and neutron log data. As can be seen from this figure, 
the two maps are roughly similar in terms of temporal and spatial variation in CO2 saturation. However, 
the resistivity-derived contour map is smoother than that obtained from neutron porosity data. This is 
likely a result of the fact that the repeatability of the resistivity log is better than that of neutron log, while 
the former also reflects information for a wider range of formation characteristics. Some areas at the 
edges of the two contour maps do not correlate well. These discrepancies are probably due to the 
incompleteness of the resistivity model regarding the effect of dissolved CO2. Despite these modeling 
inadequacies, the proposed method based on the Waxman-Smits model is able to adequately represent the 
averaged relationship between the resistivity log and CO2 saturation at Nagaoka. 
 
6. Discussion 
We have proposed a resistivity model describing the relationship between resistivity and CO2 
saturation. The modified Waxman-Smits model takes into account the complexity of the Japanese 
formation by using temporal changes in logging data throughout its depth. Low values of saturation 
exponents correspond to areas in which changes in resistivity are small, which also represent zones of low 
FFV. Fine grains would likely contribute to a complex circuit network, and would thus interfere with 
fluid flow. Chiyonobu et al. [11] studied grain size distribution in reservoir rock at Nagaoka, pointing out 
that thin fine-grained silt layers prevent CO2 movements due to their low permeability. The observed 
changes in CO2 resistivity decrease in this layer, with the saturation exponent also becoming smaller. 
When we consider the evaluated resistivity reduction due to the presence of dissolved CO2, the 
reduction of CO2 saturation and the replacement of CO2 with formation water definitely took place. 
However, quantitative estimation suggests that the rate of decrease in CO2 saturation at the depth of the 
reservoir showed during the post-injection period, suggesting the progressive occurrence of residual gas 
trapping at Nagaoka. According to the seven years of observations carried out during the post-injection 
period, CO2 saturation at Nagaoka is certainly close to residual gas saturation. Continuous monitoring 
should provide an estimation of the volume of immobile CO2 in the reservoir. 
The observed reduction in resistivity was likely caused by an increase in HCO3- and other mineral ions 
found in the formation. Mito et al. [12] have pointed out that some minerals at Nagaoka could be 
dissolved into the formation water via acidification of this water by dissolved CO2. The reduction in 
resistivity also demonstrates that the reaction between injected CO2 and formation water (solubility 
trapping) and the reaction between carbonates and protons (early stage of mineral trapping) are both 
progressing. The growth of the blue area in Fig. 1 and the resistivity reduction in Fig. 5 suggest that the 
amount of dissolved CO2 increased during the post-injection period. This would compensate for some of 
the CO2 replacement with formation water obserbed in the CO2 saturation map (Fig. 7a). 
Post-injection monitoring at Nagaoka has successfully provided a quantitative evaluation of the CO2 
trapped in the reservoir and surrounding formations, as well as providing some clues as to the kinetics of 
mineral trapping. 
 
7. Conclusions 
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We have proposed a resistivity model which is able to describe the relationship between induction 
resistivity and CO2 saturation estimated from the neutron log at the Nagaoka CO2 sequestration site. 
Waxman-Smits model takes into account the complexity of the Japanese shaly formation by using 
temporal changes in logging data throughout its depth. Low values of saturation exponents correspond to 
areas in which changes in resistivity are small. The effect of surface conductivity was calculated and 
employed as one of the dimensionless parameter of the model. Although not required for model fitting, 
shale volume distribution was roughly consisitent with the determined depth dependency of sourface 
conductivity. 
We also investigated the effect of dissolved CO2 on the resistivity model. The presence of dissolved 
CO2 enhances the conductivity of formation water, which then decreases the resistivity values observed in 
the log. Modified models taking into account the effect of dissolved CO2 were proposed, using certain 
assumptions regarding the amount of ions. The results produced by the modified models possessed 
similar features to those of the original model, but were less affected by surface conductivity. 
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